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RESULTS.
The choroid was significantly thicker in eyes affected by AAU than in fellow eyes before therapy with a mean thickness difference of 37 6 11.44 lm (mean 6 SD, Bonferroni correction, a ¼ 0.0125). Following therapy, ChT significantly decreased with a mean change of 24 6 6.9 lm (mean 6 SD, Bonferroni correction, a ¼ 0.0125). There was no significant difference in RT between AAU and fellow eyes before therapy or in AAU eyes before and after therapy.
CONCLUSIONS.
Eyes affected by AAU demonstrate an increase in ChT before and a subsequent decrease after therapy while retinal thickness seems unaltered by disease and therapy. ChT might be a useful biomarker in monitoring posterior involvement and response to therapy in patients with AAU.
Keywords: choroidal thickness, acute anterior uveitis, optical coherence tomography N ongranulomatous acute anterior uveitis (AAU) is the most frequent form of uveitis and most cases are due to idiopathic conditions. 1 Cystoid macular edema (CME) is often described as a potentially sight-threatening complication of AAU, but the pathogenesis of CME development is not fully understood and its prevalence varied considerably in different studies.
2-8 CME could either be a complication affecting only severe forms of AAU or be the endpoint in a spectrum of changes of the posterior segment in all forms of AAU, with the latter hypothesis suggesting that even mild forms of AAU could reveal changes in the posterior segment.
Advances in optical coherence tomography (OCT) have enabled choroidal imaging with longer imaging wavelengths, allowing good penetration at the retinal pigment epithelium (RPE) and visualization of the choroidal-scleral interface. 9, 10 Previous studies have revealed a typical choroidal thickness (ChT) pattern in various types of posterior uveitis such as VogtKoyanagi-Harada disease, 11 Behçet's disease, 12 sarcoidosis, 13 birdshot chorioretinopathy, 14 and sympathetic ophthalmia. 15 ChT generally increased during acute inflammation, decreased in response to therapy, and was thinner during remission when compared to healthy controls. While ChT has been diligently investigated in posterior uveitis, little is currently known about potential posterior morphologic changes in AAU. One of two existing studies revealed differences in retinal thickness between the affected and the fellow eyes that became significant 7 days after disease onset and reached a maximum between 17 and 25 days (depending on the Early Treatment Diabetic Retinopathy Study [ETDRS] subfield). 16 The second study, an investigation by Gehl et al., 17 found no difference in ChT between patients with AAU or intermediate uveitis and healthy controls. That study, however, had some limitations. First, study and control eyes may not have been matched for axial eye length. Second, rather than measuring over a relevant field of view by averaging for every ETDRS subfield, the study relied on single scan measurements at three locations using enhanced-depth imaging optical coherence tomography (EDI-OCT). Measurement errors can be caused by a generally limited field of view for scanning and inconsistencies in finding the same location for repeated ChT measurements. 18 In this investigation, retinal and ChT were compared to the healthy fellow eyes in 24 patients with unilateral AAU using both color-coded thickness maps and averaged thickness values for each subfield of the ETDRS grid. Overall, 17 patients were further followed until resolution of inflammatory activity in order to assess possible effects of conventional AAU therapy on layer thickness.
METHODS

Study Population
A total of 24 newly diagnosed patients with AAU and no other history of ophthalmic disease were recruited. Approval was obtained from the Ethics Committee of the City of Vienna; the study adhered to the tenets of the Declaration of Helsinki, and informed consent forms were collected from all subjects before participation and after an introductory patient briefing. Exclusion criteria were previous episodes of AAU, diabetes, arterial hypertension, age-related macular degeneration, macular holes, epiretinal membranes, glaucoma, other retinal or choroidal diseases, CME, previous retinal treatment, and myopia or hypermetropia > 6 diopters.
Patients were recruited from the ophthalmologic outpatient clinic at the Rudolf Foundation Clinic in Vienna. In the course of the first visit, patients with untreated unilateral nongranulomatous AAU were included. Slit-lamp biomicroscopic examination was performed, arterial blood pressure was measured, and both intraocular pressure and visual acuity using the Snellen chart were assessed. Additionally, eye axial length was evaluated as a previous study reported a strong negative correlation between ChT and eye length. 19 The retinal status was evaluated using slitlamp biomicroscopy with a Volk lens (Volk Optical, Inc., Mentor, OH, USA), and the severity of AAU was graded using the Standardization of Uveitis Nomenclature (SUN) classification. 20 Finally, the layer thickness was assessed using 1060-nm OCT. A total of 17 patients were subsequently followed (twice in the first week, then weekly) until resolution of inflammatory activity defined by the absence of both symptoms and cells or haze in the anterior chamber. Resolution occurred in all subjects within 6 weeks after the initial diagnosis. Patients were managed with hourly topical corticosteroid drops (prednisolone acetate 0.5%), topical corticosteroid ointment (prednisolone acetate 0.5%) in the evening, topical nonsteroidal anti-inflammatory drops (diclofenac natrium 1 mg/mL) four times/day, and topical anticholinergic drops (tropicamide 0.5%) two times/day. Therapy was adapted to inflammatory activity in subsequent followup visits. After resolution of inflammatory activity, slit-lamp biomicroscopy was again performed, both intraocular pressure and visual acuity were assessed, and layer thickness was recorded using 1060-nm OCT.
OCT Imaging
A 1060-nm spectral-domain OCT prototype previously described by Esmaeelpour et al. 19 and Povazay et al. 21 was used for this investigation. High-speed three-dimensional (3D) SD-OCT imaging was performed with a beam power of 2.5 mW at the cornea, well below the maximum power limit for 10 seconds of exposure. 3D OCT volumes were acquired at 1060 nm with 15-to 20-lm transverse resolution, approximately 7-lm axial resolution, and 512 voxels per depth scan (A-scan). Scans across a 368 3 368 (10 3 10-mm) field at 60,000 A-scans per second were centered on the fovea and resulted in up to 120 frames per second. For image processing, ImageJ software was used (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA), and Neat Image software (Neat Image; ABSoft, Troy, MI, USA) was utilized to reduce background noise. Automatic retinal and choroidal segmentation has been described elsewhere. 22 Briefly, this method determines the segmentation line in a low-signal, noisy environment such as OCT tomograms in the region of the choroid independent of boundary edge information. The resulting pixel distance is converted into optical distance using the depth sampling calibration for the 1060-nm OCT system and further to the anatomic distance. Automatic segmentation was controlled manually by an experienced observer who was masked to all clinical information. Axial retinal thickness (RT) was defined as the distance between the internal limiting membrane and the center of the peaks originating from the RPE/Bruch's membrane/choriocapillaris (RBC) complex and axial ChT as the distance between the RBC complex and the choroidalscleral interface.
To investigate ChT variation throughout the entire field of view, ChT maps were generated based on automatic segmentation. The spatial distribution of retinal and choroidal thickness was analyzed using the ETDRS grid. The ETDRS grid divides the macula into nine subfields: the central, inner temporal, inner nasal, inner superior, inner inferior, outer temporal, outer nasal, outer superior, and outer inferior subfields. A total of 512 B-scans were recorded for each eye, of which 128 were segmented with 512 points of measurement each, resulting in 65,536 points per eye or 7282 points per ETDRS subfield. The paired t-test was used to compare both the eyes with AAU and the fellow eyes before therapy and the eyes with AAU before and after therapy. Following the recommendations of the section for Medical Statistics of the Medical University of Vienna, the layers were initially tested for significance without splitting into ETDRS subfields. For this step, the P value was adjusted according to the Bonferroni correction for repeated measures (a ¼ 0.05/4 ¼ 0.0125). In a second step, layers that exhibited significant thickness change were further split into ETDRS subfields. The Bonferroni-Holm correction was used to adjust P values and therefore correct for multiple comparisons in this second step. The coefficient of repeatability, as defined by Bland and Altmann, 23 was previously calculated at 13.6 lm (Gabriel M, Esmaeelpour M, unpublished data, 2016).
Esmaeelpour et al. 24 have previously used an algorithm that offers good repeatability and reliability for automated analysis of choroidal vessel layer segmentation. They described a negative correlation between choroidal Haller's (outermost layer of the choroid consisting of larger-diameter blood vessels) and Sattler's layer (layer of medium-diameter choroidal blood vessels) thickness with age and axial length. 24 Another investigation by the same group demonstrated Haller's and Sattler's layer thinning in age-related macular degeneration (AMD). 25 We have experimentally tested this algorithm for our patient collective.
Averaging Group Measurements to Obtain Difference Maps
Difference maps were generated to spatially investigate changes in thickness by subtracting both grouped measure-ments of the AAU eyes from the healthy fellow eyes before therapy and grouped measurements of the AAU eyes before therapy from the AAU eyes after therapy. This method of image analysis has been described in depth in a previous study. 19 ETDRS sublayer thickness was averaged and the grid was placed on the difference maps in order to illustrate areas of statistically significant thickness change.
RESULTS
Demographic data are shown in Table 1 . Fifteen male and 9 female subjects were included and there was a total of 16 right and 8 left eyes. Thirteen patients had grade 1 inflammation according to the SUN classification system and 10 of 17 patients who were followed until complete resolution of inflammatory activity went into remission between 3 and 6 weeks after disease onset.
The choroid was significantly thicker in the inflamed eyes than in the control eyes (Table 2 ) when all ETDRS subfields were analyzed (mean 37 6 11.4 lm, Bonferroni correction, a ¼ 0.0125). Table 3 further illustrates this pattern using a subfield analysis based on the Bonferroni-Holm correction for multiple comparisons. The central subfield and four other subfields were significantly thickened in the inflamed eyes compared to the control eyes. Table 4 demonstrates that ChT decreased in response to therapy when all ETDRS subfields were analyzed, with a mean difference of 24 6 6.9 lm (mean 6 SD, Bonferroni correction, a ¼ 0.0125). A subfield analysis revealed significant differences in the central and the inner nasal subfield ( Table 5 ). The Figure shows the previously introduced averaged thickness and difference maps for both the retina and the choroid to visually illustrate thickness differences in all patients. Pearson's coefficient showed no significant correlation between the severity of the inflammation at baseline based on the SUN classification and the difference in ChT between the inflamed and the healthy partner eyes at baseline (P ¼ 0.057). There was no significant difference in RT and ChT between the healthy partner eyes at baseline or after remission and the AAU eyes after remission (P > 0.05). Differences in the mean ChT between the inflamed and the control eyes were highest in the inner temporal and lowest in the outer inferior subfield with an amplitude of 55 and 18 lm, respectively (Fig.) . Differences in the mean ChT in the inflamed eyes before and after remission were highest in the inner nasal and lowest in the outer temporal subfield with an amplitude of 35 and 10 lm, respectively (Fig.) . Similar to ChT, both Haller's and Sattler's layer responded to inflammation with an increase in thickness compared to the healthy partner eyes. Following therapy, thickness values decreased to baseline levels. In our investigation, however, there was a significant amount of noise in Haller's and Sattler's layer measurements.
DISCUSSION
The prevalence of severe complications of acute AAU such as vitritis, papillitis, retinal vasculitis, epiretinal membranes, or CME varied considerably in different studies. [2] [3] [4] [5] [6] [7] Subclinical retinal thickening, as a less severe form of posterior involvement, was observed in a study by Balaskas et al. 16 The authors revealed differences in RT between human leukocyte antigen (HLA) B27-positive eyes with AAU and healthy fellow eyes that became significant 7 days after disease onset and reached a maximum between 17 and 25 days (depending on the ETDRS subfield) with all subjects affected at this time point. 16 Currently, little is known about subclinical ChT changes in AAU. An investigation by Gehl et al. 17 found no difference in ChT between patients with AAU or intermediate uveitis and healthy controls. That study relied on single scan measurements at three locations using EDI-OCT. EDI-OCT utilizes a wavelength not suited to measuring thick choroids. 19 Other limitations of this study were mentioned in the introductory part of this manuscript.
Unlike the retina with the fovea as its natural center, singlelocation imaging of the choroid appears unfeasible given its diverse topography. It has caused notable disparity between ChT measurements obtained in different studies. Discrepancies are caused by a generally limited field of view for scanning and inconsistencies in choosing the exact locations for repeated ChT measurements. 18 The inability to average ChT measurements further reduces the reliability of single-location imaging.
Esmaeelpour et al. 19 have previously published ChT maps in normal subjects and improved posterior segment visualization in cataract patients using 1060-nm OCT. Although OCT systems centered at 800 nm can resolve all major intraretinal layers, they enable only limited penetration beyond the retina due to multiple scattering and absorption in the melanin-rich RPE. This results in limited visualization of the choroid. Moreover, in clinical OCT, turbid ocular media (such as cataract or corneal haze) represent a significant challenge when imaging the retina. 26 Using a wavelength range around 1060 nm, where water absorption from the vitreous has a local minimum, the melanin in the RPE no longer inhibits the imaging of the choroid. 27 In our investigation, the choroid may have responded to inflammation with an increase in thickness compared to the healthy partner eye. Following therapy, ChT decreased to baseline levels. Previous studies have revealed a similar ChT pattern in various types of posterior uveitis [11] [12] [13] [14] [15] : ChT generally increased during acute inflammation, decreased in response to therapy, and was thinner during remission when compared to healthy controls. Retinal thickness, on the other hand, was altered neither at baseline nor after treatment in our study. This could be due to the fact that HLA-B27 positivity was not tested in our study but was among the inclusion criteria of the aforementioned investigation by Balaskas et al. 16 Various risk factors for CME have been described by Van Kooij et al., 5 among them age, papillary leakage, mean body mass index, mean pack-years (smoking), and the location of uveitis: Posterior uveitis and panuveitis were both significantly associated with CME, while anterior uveitis and intermediate uveitis were not. However, only seven patients with anterior uveitis were tested. In another study by Dodds et al., 2 7 of 114 patients with HLA-B27-positive AAU developed CME.
2 CME could therefore either be a complication affecting only severe forms of AAU or be the endpoint in a spectrum of changes of the posterior segment in all forms of AAU. Our data indicate that the latter hypothesis may be true because all eyes with AAU showed choroidal thickening. This would mean that AAU is a disease generally affecting both the anterior and posterior segments, with the anterior segment being the main focal point in common cases.
Both the iris and the ciliary body have associations with the choroid in terms of blood supply. The blood for the iris and the ciliary body is provided by the anterior ciliary arteries, the long posterior ciliary arteries, and some anastomotic channels from the anterior choroid. The choroid is supplied by the short posterior ciliary arteries. The venous drainage of both iris and ciliary body and the choroid is conducted by the vortex veins. 28 We conclude that there are associations between the anterior and posterior uvea in terms of blood supply and drainage, although the blood supply is obviously not identical. Inflammatory mediators primarily effective in the anterior segment could likely spread to the posterior segment and cause choroidal thickening. Also, increased hydrostatic pressure levels in the anterior uvea could cause choroidal thickening by transmitting the increased pressure to the choroid.
There are some limitations to this study. First, HLA-B27 positivity is associated with a higher prevalence for posterior complications in AAU, but was not tested in our investigation. Second, a long-term follow-up visit would have been useful in order to determine possible choroidal thinning during disease remission as has been observed in various types of posterior uveitis. Furthermore, it remains unclear if ChT decrease is a consequence of eye drop therapy or of resolution of inflammatory activity because no patients were followed after eye drop therapy was stopped. Follow-up studies are required to investigate choroidal sublayer thickness variation. ChT change can be triggered by different factors such as alterations in vessel diameter, inflammation, or fibrosis. Clearly, these factors are different in nature but can cause ChT changes that appear identical when ChT is measured exclusively. Future studies should aim to highlight these factors using techniques such as choroidal vessel layer segmentation.
In conclusion, we have demonstrated choroidal thickening in patients with AAU compared to healthy partner eyes. Clinical complications of AAU such as CME could represent serious endpoints in a spectrum of changes in the posterior segment that may begin with ChT alterations. This could indicate a paradigm shift because AAU was previously regarded as a disease of the anterior segment only.
